Intraflagellar transport (IFT), the movement of protein complexes responsible for the assembly of cilia and flagella, is remarkably well conserved from protists to humans. However, two IFT components (IFT25 and IFT27) are missing from multiple unrelated eukaryotic species. In mouse, IFT25 and IFT27 are not required for assembly of several cilia with the noticeable exception of the flagellum of spermatozoa. Here we show that the Trypanosoma brucei IFT25 protein is a proper component of the IFT-B complex and displays typical IFT trafficking. Using bimolecular fluorescence complementation assays, we reveal that IFT25 and IFT27 interact within the flagellum in live cells during the IFT transport process. IFT25-depleted cells construct tiny disorganised flagella that accumulate IFT-B proteins (with the exception of IFT27, the binding partner of IFT25) but not IFT-A proteins. This phenotype is comparable to the one following depletion of IFT27 and shows that IFT25/IFT27 constitute a specific module requested for proper IFT and flagellum construction in trypanosomes. We discuss the possible reasons why IFT25/IFT27 would be required for only some types of cilia. Huet et al. IFT25 function and evolution 3
Introduction
Cilia and flagella are organelles conserved across eukaryotes and perform variable functions ranging from motility to sensing or morphogenesis. Intraflagellar transport (IFT) is the movement of protein particles or trains that delivers tubulin and other precursors at the tip of cilia and flagella for elongation (Craft et al., 2015; Kozminski et al., 1993) . Trains are moved by the action of specific molecular motors of the kinesin and dynein family during anterograde and retrograde transport, respectively. They are composed of polymers made of two protein complexes termed IFT-A (6 proteins) and IFT-B (16 proteins) (Cole et al., 1998; Piperno and Mead, 1997; Taschner and Lorentzen, 2016) . IFT genes are evolutionary conserved, being found in most eukaryotic organisms with cilia and flagella ranging from protists to mammals (van Dam et al., 2013) . The only major exceptions are encountered in Plasmodium subspecies that assemble their flagella in the cytoplasm and whose genomes lack all IFT genes (Briggs et al., 2004; Sinden et al., 1976) . Inhibition of IFT blocks the construction of cilia and flagella in all species investigated to date (Brown et al., 1999; Han et al., 2003; Kohl et al., 2003; Kozminski et al., 1995; Marszalek et al., 2000) . In general, absence of an IFT-B protein results in failure to construct the organelle whereas absence of an IFT-A protein interferes with retrograde transport, leading to the accumulation of IFT trains and to the formation of shorter cilia (Absalon et al., 2008b; Blacque et al., 2006; Efimenko et al., 2006; Iomini et al., 2009) .
A noticeable exception to this conservation is IFT25 that is missing from the genome of 15 ciliated species (van Dam et al., 2013) (Table 1) . IFT25 was first identified as a candidate chaperone protein based on some sequence homology with heat shock proteins (Bellyei et al., 2007) . However, this was not supported by structural analysis of the Chlamydomonas IFT25 Huet et al. IFT25 function and evolution 4 protein (Bhogaraju et al., 2011) . IFT25 was found to be a member of the IFT-B complex in both Chlamydomonas and human cells (Follit et al., 2009; Lechtreck et al., 2009b) . It associates with the small G protein IFT27 (also known as RABL4) and is added to the IFT-B complex just prior to IFT activation (Wang et al., 2009) . The crystal structure of the IFT25/IFT27 dimer was determined and revealed tight interaction between the two proteins (Bhogaraju et al., 2011) . IFT25 and IFT27 participate to the B1 sub-complex of the IFT-B together with 7 other IFT-B proteins (Taschner et al., 2014; Taschner et al., 2016) . In species missing IFT25, IFT27 is often (but not always) absent (Table 1 ).
The loss of IFT25 in multiple different species raises the question of its actual role in cilia construction and function. In contrast to other IFT genes, IFT25 gene deletion in mouse was viable until birth. Cilia in the lung and in the trachea were present and exhibited a normal morphology, suggesting that the protein was not essential for the assembly of cilia.
Embryonic fibroblasts of the ift25 mutant contained all examined IFT proteins with the exception of IFT27 (Keady et al., 2012) . Nevertheless, embryo deprived of IFT25 died at birth with multiple defects related to dysfunctions in hedgehog signalling. Detailed investigation confirmed that the distribution of protein components of this key signalling pathway was drastically modified both in quiescent and active situations, leading to a model where IFT25 (Keady et al., 2012) and IFT27 (Eguether et al., 2014; Liew et al., 2014) would contribute to the transport of signalling molecules. This could be mediated by the BBSome, another protein complex initially identified because of its association to the Bardet-Biedl Syndrome (Eguether et al., 2014; Liew et al., 2014) . However, specific deletion of IFT25 and IFT27 in male germ cells revealed that both proteins are essential for the assembly of the flagellum in spermatozoa (Liu et al., 2017; Zhang et al., 2017) .
Intriguingly, IFT25 is conserved in Chlamydomonas, Volvox and several protists (Trichomonas, Trypanosoma) where the hedgehog cascade is absent, raising the question of its role in these organisms. Inhibition of IFT25 expression in Chlamydomonas did not visibly affect neither IFT nor flagellum construction but perturbed BBSome trafficking (Dong et al., 2017) . In an effort to clarify the function of IFT25, we investigated its function in the protist Trypanosoma brucei. This organism is well known for being responsible for sleeping sickness in Africa but also turned out to be an excellent model to study flagellum construction (Vincensini et al., 2011) . It possesses a single flagellum that is replicated at each cell cycle whilst maintaining the existing one, providing the opportunity to compare growing and mature flagella in the same cell (Sherwin and Gull, 1989) . All 22 IFT genes are conserved in T. brucei, flagellar trafficking was demonstrated upon expression of various fusions with fluorescent proteins and inhibition of IFT gene expression by RNAi knockdown severely impedes flagellum construction (Absalon et al., 2008b; Adhiambo et al., 2009; Blisnick et al., 2014; Buisson et al., 2013; Davidge et al., 2006; Kohl et al., 2003) . Moreover, affinity purification using IFT56 identified most members of the IFT-B complex (Franklin and Ullu, 2010) , with the exception of IFT20, IFT25 and IFT27.
Here, we show that IFT25 is a bona fide member of the IFT-B complex in trypanosomes and formally show that it undergoes IFT trafficking. Bimolecular fluorescence complementation assays using split YFP fragments fused to IFT25 and IFT27 revealed the typical IFT movement of fluorescent proteins within the flagellum, demonstrating interaction between the two proteins during IFT. RNAi knockdown blocks flagellum construction and results in inhibition of retrograde transport, a phenotype previously reported for IFT27 silencing in the same organism (Huet et al., 2014) . These results reveal that IFT25 and IFT27 form a unique module that is essential for IFT trafficking and flagellum construction in trypanosomes, with Huet et al.
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several similarities with their role in assembly of the sperm flagellum. We discuss potential relationships between the flagellum of trypanosomes and mammalian spermatozoa.
Huet et al.
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Results
IFT25 associates to the IFT-B complex and traffics inside the trypanosome flagellum
In T. brucei, IFT25 is encoded by gene Tb927.11.13300 and was detected in purified intact flagella of both insect (Subota et al., 2014) and bloodstream (Oberholzer et al., 2011) stages but not in detergent salt-extracted flagellar fractions (Broadhead et al., 2006) , indicative of an association to the flagellum matrix. To investigate the exact localisation of IFT25 in T. brucei, a GFP::IFT25 fusion was expressed. Western blot analyses using an anti-GFP antibody showed a single band migrating between the 37 and the 50 kDa markers, in agreement with the expected mass of the fusion protein (45 kDa)( Figure 1A ). The anti-GFP antibody was then used in immunofluorescence assays (IFA) along with the anti-IFT27 antibody to assess if both proteins co-localise inside the flagellar compartment. In GFP::IFT25 expressing cells, the anti-GFP antibody stained spots all along the flagellum, with a brighter signal at the base of the organelle ( Figure 1B ). Co-staining with the anti-IFT27 antibody (Huet et al., 2014) revealed a similar signal that co-localized in most parts of the flagellum with the GFP-staining ( Figure 1B ). To further link IFT25 to intraflagellar transport, live cells expressing GFP::IFT25 were observed by video microscopy. Transport in the anterograde direction was easily detected whereas retrograde transport was more discrete but clearly present upon careful examination (Video S1 and still images at Fig. 1D ). Kymograph analyses ( Since immuno-precipitations were done on whole cell extracts, we used bimolecular fluorescence complementation assays (Kerppola, 2008) to investigate whether IFT25 and IFT27 specifically interact. This approach had been used successfully to show interactions between IFT proteins or IFT proteins and transition fibre components at the base of cilia in C. elegans (Wei et al., 2013; Yi et al., 2017) . In Chlamydomonas, it was proposed that IFT25
and IFT27 associate to the IFT-B complex at a late stage of assembly (Wang et al., 2009) . To evaluate where does the interaction between the two proteins take place in T. brucei, we fused the N-terminal portion of YFP (aa1-155) to IFT25 and the shorter C-terminal portion (aa156-239) to IFT27 that contained a Ty-1 epitope (Bastin et al., 1996) . Constructs were designed for endogenous tagging at the amino-terminal end of each protein, ensuring appropriate control of expression (Kelly et al., 2007) . Expression of each protein individually did not lead to visible fluorescence in live cells but could be detected by IFA using a rabbit polyclonal antibody against GFP (Figure 2A , 1999) . We therefore generated the IFT25 RNAi cell line and grew it in the presence of tetracycline to induce IFT25 knockdown. The first phenotype was an obvious growth defect upon depletion of the protein ( Figure S1 ) and microscopy examination showed the presence of multiple immobile cells that were shorter than usual. Scanning electron microscopy analysis of non-induced cells showed the conventional morphology with elongated cells and a long flagellum ( Figure 3A ). In contrast, growth of IFT25 RNAi cells in Flagellum composition was analysed at the molecular level by IFA using simultaneously Mab25, a monoclonal antibody detecting an axoneme-specific protein (Dacheux et al., 2012) and a monoclonal antibody recognizing the IFT-B protein IFT172 (Absalon et al., 2008b) .
Both antibodies displayed the expected staining pattern in non-induced cells: a uniform distribution along the flagellum for Mab25 (typical of axonemal proteins), and a strong signal at the base of the flagellum and a succession of elongated spots along the flagellum for IFT172 ( Figure 4A ). By contrast, staining of IFT25 RNAi cells where RNAi had been induced for two days revealed the presence of very short flagella with accumulation of excessive IFT172, further supporting a contribution of IFT25 to retrograde transport ( Figure 4B ). Taken together, these results show that IFT25 is required for flagellar assembly in T. brucei and that its depletion leads to an inhibition of retrograde IFT.
IFT25 is required for access to the flagellum of IFT27 and IFT140
We then analysed the fate of IFT proteins once the expression of IFT25 is inhibited in the IFT25 RNAi cell line. Upon induction, no changes of the total steady-state amounts of IFT-B members IFT22, IFT27 or IFT172 were observed by western blot ( Figure 5A ). IFA using the anti-IFT27 antibody showed that the protein is found in the cytoplasm upon depletion of IFT25 and does not accumulate in short flagella in contrast to he classic IFT-B marker IFT172 ( Figure 5B ). To monitor the situation of the IFT-A complex, the IFT25 RNAi cell line 5C ). In contrast, TdT::IFT140 was immotile in induced IFT25 RNAi cells (Video S4) and appeared stuck at the base of the flagellum with little or no signal within the organelle ( Figure   5D ). Therefore, the absence of IFT25 prevents both IFT27 association to the IFT-B complex and IFT-A proteins access the flagellum. The absence of IFT-A could explain the retrograde phenotype exactly as observed for IFT27 knockdown (Huet et al., 2014) .
Discussion
Our functional analysis reveals that the trypanosome IFT25 is a bona fide IFT protein: (1) it is found within the matrix of the flagellum and concentrated at its base; (2) These include aberrant and disorganised axonemes that were too short, defects in associated extra-axonemal structures such as the outer dense fibres or the fibrous sheath and presence of vesicles in the lumen of the flagellum. Moreover, scanning electron microscopy revealed dilation of unknown molecular composition at the distal end, leading the authors to suggest a defect in retrograde IFT (Liu et al., 2017; Zhang et al., 2017) . All these defects are quite similar to what is reported here for the knockdown of IFT25 in T. brucei, except that the nature of the accumulated material in aberrant spermatozoa has not been characterised in molecular composition. In both cases, these flagella were immotile.
In contrast to these results in spermatozoa and trypanosomes, IFT25 and IFT27 are not required for axoneme assembly in different mouse ciliated cells but are essential for hedgehog signalling (Keady et al., 2012; Yang et al., 2015) , probably via trafficking of the BBSome (Eguether et al., 2014; Liew et al., 2014) . Accordingly, a point mutation in the IFT27 gene in humans resulted in Bardet-Biedl Syndrome (Aldahmesh et al., 2014) . By contrast, a predicted biallelic loss of IFT27 led to a much more severe ciliopathy in a foetus (Quelin et al., 2018) .
In Chlamydomonas, IFT25 was shown to undergo IFT in the flagellum but inhibition of its expression using a microRNA did not interfere with flagellum formation, although defects in export of the BBSome from the flagella were observed (Dong et al., 2017) .
We can propose at least three hypotheses as to why IFT25 could be essential for flagellum assembly in trypanosomes and mouse spermatozoa, and not in the other ciliated cells examined so far. First, the composition or organisation of IFT trains could be different between these cell types. Differences in train composition could be issued from variant mRNA resulting from different splicing, or to post-translational modifications of IFT proteins, to a modification in their stoichiometry or to the presence of additional proteins. In In conclusion, IFT25 and IFT27 are two IFT proteins that are associated to the IFT-B complex and participate to IFT. Their contribution to axoneme construction varies from one cell type to the other and so far they appear crucial for long organelles containing extraaxonemal structures. Nevertheless, they can play a role in other functions such as the hedgehog pathway in mouse. Their loss in multiple eukaryotic lineages (van Dam et al., 2013) remains intriguing. Investigation of their role in different organisms with different types of cilia will be necessary to have a more global view of the biological role of IFT25/IFT27 and to understand their loss is so many species.
Materials and methods
Cell lines and culture conditions. All procyclic T. brucei cell lines were derivatives of strain 427 and grown in SDM79 medium with hemin and 10% Formvar-carbon-coated copper grids using a Leica EM UC6 ultra-microtome and stained with uranyl acetate and lead citrate. Observations were made on a Tecnai 10 electron microscope (FEI) and images were captured with a MegaView II camera and processed with AnalySIS and Adobe Photoshop CS4 (San Jose, CA). For scanning electron microscopy, samples were fixed overnight at 4°C in 2.5% glutaraldehyde as described previously (Absalon et al., 2007) .
Observations were made in a JEOL 7600F microscope.
Immunofluorescence and live cell imaging. Cultured parasites were washed twice in SDM79 medium without serum and spread directly into poly-L-lysine coated slides. The slides were air-dried for 10 minutes, fixed in methanol at -20°C for 30 seconds and rehydrated for 10 min in PBS. For immunodetection, slides were incubated with primary antibodies diluted in PBS containing 0.1% (w/v) Bovine Serum Albumin (BSA) for 1 hour. Three washes of 10 min were performed and the secondary antibody diluted in PBS with 0.1% BSA was added to the slides. After an incubation of 45 min, slides were washed three times in PBS for 10 min and DAPI (2µg/µL) was added. Slides were mounted using ProLong antifade reagent (Invitrogen). Antibodies used were: mouse anti-IFT27 diluted 1/800 (Huet et al., 2014) , mAb25 recognizing TbSAXO1, a protein found all along the trypanosome axoneme (Dacheux et al., 2012) , the anti-IFT172 mouse monoclonal antibody (Absalon et al., 2008b) and a commercial rabbit polyclonal anti-GFP (Invitrogen). Subclass-specific secondary antibodies coupled to Alexa 488 and Cy3 (1/400; Jackson ImmunoResearch Laboratories, West Grove, PA) were used for double labelling. Sample observation was performed using a DMI4000 microscope (Leica) and images acquired with an ORCA-03G camera (Hamamatsu, Hamamastu City, Japan). Pictures were analysed using ImageJ 1.47g13 software (National Institutes of Health, Bethesda, MD) and images were merged and superimposed using Adobe
Photoshop CC. For live video microscopy, cells were picked up from the culture, deposited on slides and covered by a coverslip, and observed directly with the DMI4000 microscope.
Videos were acquired using an Evolve 512 EMCCD Camera (Photometrics, Tucson, AZ) and
the Metamorph acquisition software (Molecular Probes, Sunnyvale, CA).
Kymograph analyses.
Trypanosomes were observed with the DMI4000 microscope and videos of IFT trafficking were recorded with a 250ms exposure per frame during 30s using an Evolve 512 EMCCD Camera (Photometrics, Tucson, AZ). Kymographs were extracted and analysed as described previously (Buisson et al., 2013; Chenouard et al., 2010) . Immune complexes were recovered by incubation with pre-treated protein A-Sepharose beads for 15 min at 4°C. The beads then were washed three times with IP 1 buffer, twice with IP 2 buffer and once with IP 3 buffer (0.4M NaCl, 10 mM Tris-HCl pH 7,4, 10mM EDTA).
Interaction of the immune complex with the beads was disrupted by boiling in 50 µL of 
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